The electron affinity and surface states are of utmost importance for designing the potential landscape within (heterojunction) nanowires and hence for tuning conductivity and carrier lifetimes. Therefore, we determined for stoichiometric nonpolar GaN(1010) m-plane facets, i.e., the dominating sidewalls of GaN nanowires, the electron affinity to 4.06 ± 0.07 eV and the energy of the empty Ga-derived surface state in the band gap to 0.99 ± 0.08 eV below the conduction band minimum using scanning tunneling spectroscopy. These values imply that the potential landscape within GaN nanowires is defined by a surface state-induced Fermi-level pinning, creating an upward band bending at the sidewall facets, which provides an electronic passivation.
I. INTRODUCTION
Group III-nitride semiconductor nanowires (NWs) are highly promising building blocks for energy harvesting and optoelectronic applications due to the exceptional ability of enhanced strain relaxation. Hence, NW heterojunctions can be grown defect-free for a significantly wider range of material combinations as compared to planar structures. However, NWs exhibit a large surface-to-volume ratio [1, 2] and thus their electronic properties are significantly affected by surface effects [3] [4] [5] . The dominating facets of wurtzite structure NWs are the m-plane sidewall facets, whose properties are of prime interest. Among the surface-related properties, the electron affinity and the energetic positions of surface states at these mplane sidewall facets are of special interest for understanding the electronic properties of NWs and their heterojunctions.
The electron affinity χ of a semiconductor is defined as the energy required to excite an electron from the conduction band minimum (E C ) to the vacuum level right outside the semiconductor (E vac ), i.e., χ = E vac − E C [6, 7] . At first glance, the definition appears straightforward and the electron affinity is frequently considered to be a material constant. However, e.g., for GaN, no commonly accepted value for the electron affinity exists. A literature survey reveals a broad range of experimentally and theoretically obtained values spanning from 2.1 eV to 4.26 eV [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . It is important to note that all experimental values were probed at polar GaN surfaces. To understand the wide spread of values, we recall that χ consists of two components: (i) a material component connected to the electronic density of states of the material and (ii) a surface component connected to dipoles, polarizations, and atomic rearrangements, as well as adsorption or other phenomena that affect the potential in the vacuum [20] . Unfortunately, experimentally, these two components could not be separated thus far and, as a matter of fact, the polarization as well as * p.ebert@fz-juelich.de the almost omnipresent Ga adlayers [21] modify the electron affinity at polar GaN surfaces. Hence, for achieving a separation of the material and surface component of the electron affinity, one needs a surface free of dipoles, polarization, atomic rearrangements, adsorption, or adlayers. This can be realized on nonpolar, stoichiometric GaN m-plane surfaces, which do not have any of the above-mentioned problems and promise to access the material component of the electron affinity only.
Furthermore, for probing the material component of χ on nonpolar GaN m-plane surfaces, we need to consider possible band bending near the surface and thus the presence of intrinsic surface states. However, an exceptionally broad energy range of the empty Ga-derived dangling bond surface state has been reported [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] : Even the most recent measurements cover a rather wide energy range between 0.5 eV and 1.1 eV below the conduction band minimum [24, 25, [28] [29] [30] [31] , pinning the Fermi energy (E F ) in the fundamental band gap [32] . The origin of the widely varying energy determinations is unclear at present, but is relevant to the electron affinity.
Therefore, we use scanning tunneling spectra acquired on clean and stoichiometric nonpolar GaN(1010) m-plane surfaces, freshly cleaved in UHV, to extract the material component of the electron affinity and the energetic position of the unoccupied Ga-derived surface state. We illustrate the impact of these surface properties on the charge separation and recombination, demonstrating the electronic self-passivation of GaN NWs.
II. EXPERIMENT
For our investigations, 500-nm-thick Si-doped GaN epitaxial layers (n-type carrier concentration of 3 × 10 18 cm −3 calibrated by C-V profiling and secondary ion mass spectroscopy) grown on free-standing c-plane GaN pseudosubstrates by metal organic vapor phase epitaxy were cleaved in ultrahigh vacuum (p ≈ 1 × 10 −8 Pa). No other impurities were detected. The freshly cleaved (1010) surfaces were investigated in situ by cross-sectional scanning tunneling microscopy (STM) and spectroscopy (STS) using electrochemically etched tungsten (W) tips.
The cleavage surfaces are atomically flat, with low step density and defect concentration (see inset in Fig. 1 ). Tunneling spectra were experimentally obtained on various cleavage surfaces with various tips and fitted using SEMITIP, version 6, UniInt2 [33] . These simulations of the tunnel current take into account the Fermi-level pinning by intrinsic surface states, the tip-induced band bending, and the screening by free carriers.
III. RESULTS AND DISCUSSION

A. Electron affinity
An example of an experimentally obtained I (V ) tunnel spectrum is shown by the black dots in Fig. 1 . The spectrum was acquired on GaN using a set point of −3.6 V and 150 pA. Note, we chose tunnel current set points small enough such that the tip did not modify the surface. The red, green, and blue lines represent fits to the tunnel spectrum assuming different electron affinities. The electron affinity has a strong influence on the tunnel current and affects the onset voltages as well as the slope of the tunnel spectra. Spectra derived with smaller χ values exhibit steeper slopes and hence significantly larger tunnel currents. Additionally, the onset of the current moves to higher absolute voltages with smaller χ . Note, to obtain the best fits to the experimental tunnel spectra, we took into account that the parabolic band approximation in the simulation leads to the highest accuracy near the band edges. Hence the tunnel current and its slope near the of onset voltages were optimized. Furthermore, the onset at positive voltages is influenced by
Electron affinity values χ GaN extracted from simulations fitted to scanning tunneling spectra obtained experimentally at different set points with different W tips. The electron affinity is plotted as gray dots as a function of (a) the set voltage and (b) the fitted energy of the unoccupied surface state. The weighted mean χ GaN = 4.06 ± 0.07 eV with standard error is shown as a red (a) line and (b) circle. The electron affinity and the set voltage are not correlated. The Ga-derived empty surface state is located 0.99 ± 0.08 eV below the conduction band minimum. the position of the empty Ga-derived surface state below the conduction band edge (E C − E SS ) [28, 32] . The best fit to the illustrated, experimentally obtained tunnel spectrum is shown as a red line in Fig. 1 and was achieved by using an electron affinity of 3.6 eV, a tip-sample separation of 1.26 nm, and a surface state 1.09 eV below E C .
In this way, simulations were fitted to various experimentally obtained tunneling spectra acquired at different set points and with different tips. From each simulation, the electron affinity and the energy of the surface state are extracted. The gray dots in Figs. 2(a) and 2(b) show the obtained electron affinity values as a function of the set voltage and the energy of the surface state relative to the conduction band, respectively. The diagrams reveal that the obtained electron affinity values are not correlated to the applied voltage and independent of the energy of the surface state.
The values of χ range from 2.6 eV to 4.85 eV with a weighted mean of χ GaN = 4.06 ± 0.07 eV (red line and red symbol in Figs. 2(a) and 2(b), respectively) . To understand the scattering of electron affinity values, we recall that, to a large extent, the onset voltages and slope of the tunnel spectra are determined by the shape of the tunnel barrier and the band bending. The latter two are equally affected by the electron affinity of the semiconductor and the work function of the tip as well as by the tip-sample separation [34] . First, we address the work function of the tip: The most commonly used value for the work function of tungsten tips is 4.5 eV. However, if impurity atoms adsorb at the tip apex or if the tip apex exhibits different crystal orientations, the work function of the tip changes. It was shown that the work function of W tips can vary between 3.9 and 5.5 eV [35] . In addition, the shape of the tip influences the tunnel spectra, although to a smaller extent. Despite the same manufacturing process, no tip has an identical shape and both the shape and apex radius of a tip may change during measurement. Since it is not possible to obtain the electron affinity of the sample and the tip's work function independently from STS, we assume an average tip work function of 4.5 eV. If we assume a larger (smaller) work function for the tip, the electron affinity would roughly change by an equal value. Hence, for an uncertainty of the tip work function of 0.5 eV, an additional error of 0.5 eV should be added to the measured electron affinity value. Since the tip-sample separation as fit parameter has a marginal impact on the onset voltages and slope [36] , a reasonably realistic value for the electron affinity of the contamination-free and stoichiometric m-plane GaN surface is obtained.
The determined value of χ GaN = 4.06 ± 0.07 eV ranges at the upper end of the spectrum of literature values. As outlined in the introduction, the electron affinity at the nonpolar surface is primarily given by the material component, whereas polarization, nonstoichiometry, Ga adlayers, etc. arising from annealing, decomposition, or adsorption effects at (0001) or (0001) surfaces lower the electron affinity. This interpretation is supported by electron affinities differing by 0.5 eV for GaN(0001) and (0001) surfaces [15, 37] , suggesting relevant effects of the opposite spontaneous polarization. On our nonpolar surface, no polarization perpendicular to the surface is present. Finally, for a nonpolar, relaxed m-plane GaN surface, an electron affinity between 3.4 and 4.0 eV was calculated, fluctuating systematically with the calculational method used [38] . This range agrees rather well with our experimental value.
B. Energy of Ga-derived empty surface state
In addition to the electron affinity, the energy of the Gaderived empty surface state relative to the conduction band minimum can be extracted from the simulation of the tunnel current and is found to lie 0.99 ± 0.08 eV below the conduction band minimum [ Fig. 2(b) ].
In recent literature, varying energy positions of the empty surface state on the m-plane GaN surface state were reported. These differences can be attributed to the way the various measurement methods probe the density of states (DOS). For this, we recall the band structure and the DOS of the relaxed GaN(1010) surface as calculated by Lymperakis et al. in Figs. 3(a) and 3(b) , respectively [28] . Gray areas mark the projected bulk band structure and DOS. The empty Ga-derived (S Ga ) and occupied N-derived (S N ) surface state are shown in red. In the DOS, the peak of the Ga-derived surface state Χ' Γ Χ [31] [29] [28] [this work]
FIG. 3. GaN(1010) (a) band structure and (b) corresponding DOS as calculated in Ref. [28] . Gray areas mark the projected bulk band structure and the related DOS. The empty Ga-derived and the filled N-derived surface states are shown in red. The blue and dark red symbols mark experimentally obtained energies of the empty surface state projected for illustration purposes onto the calculated − X branch of the surface band structure. The distribution of the measured energies on the band structure suggests that the different experiments probe different parts of the DOS.
overlaps with the onset of the bulk conduction band. However, the surface state exhibits a long tail with a low DOS extending into the fundamental band gap. The blue and dark red symbols mark experimentally obtained energies of the surface state projected for illustration purposes onto the calculated − X branch of the surface band structure. The distribution of the measured energies on the band structure suggests that the different experiments probe different parts of the DOS.
First, the optical surface adsorption peak of 3.3 eV measured by reflection anisotropy spectroscopy (RAS) of the GaN(1010) surface by Himmerlich et al. [29] is based on electron transitions, and thus corresponds to the surface band gap, where the overlap of empty and filled surface DOS is maximized. Figures 3(a) and 3(b) show that the flat parts of the surface dispersion, i.e., corresponding to a larger DOS, are located near the edges of the surface Brillouin zone. The surface band gap is calculated to be 4.1 eV and 3.3 eV at the X and X points, respectively. Hence, RAS is most likely probing the X point. Taking into account the calculated [28] and recently measured [31] dispersion, the filled surface state is at the X point 0.1-0.2 eV below the valence band maximum (E V ). Hence, the empty surface state is 0.2-0.3 eV below E C at the X point.
Second, in contrast, normalized conductivity (dI/dV )/(I/V ) measurements in tunneling spectroscopy of Lymperakis et al. [28] probe the density of states, which extends further into the vacuum. Since the decay of the DOS is convoluted by the wave vector, STS probes the states with smallest possible wave vectors, but still largest DOS. Hence, the surface state is found deeper in the band gap (E C − 0.6 eV) as compared to RAS.
Third, the Fermi energy is pinned at the minimum of the empty surface state located at the point. This pinning has been measured by probing E V relative to E F in photoelectron 
Cross sections of the calculated energy bands in an ntype GaN NW with a diameter of 100 nm for a doping level of (a) 3 × 10 18 cm −3 and (b) 1 × 10 16 cm −3 . The Fermi level is pinned by the surface state minimum, inducing an upward band bending at the side facets of the NW. The screening length of the band bending is shorter for higher doping levels and hence the charge separation of electron-hole pairs is more pronounced.
spectroscopy. Assuming a band gap of ∼3.4 eV, the energy of the surface state at the point is measured between 0.7 eV [29] and 1.1 ± 0.1 eV [31] below E C . By fitting tunneling spectra, we found a similar value of 0.99 ± 0.08 eV. As mentioned above, the onset voltage is determined by the Fermi-level pinning at the minimum of the empty Ga-derived surface state. Hence, our value agrees excellently with the surface state energies determined from Fermi-level pinning.
C. Self-passivation of GaN nanowires
Finally, the influence of surface states on GaN NWs is addressed. Figure 4 shows cross sections of the energy bands in an n-type GaN NW for different doping levels, calculated using a three-dimensional finite-difference approach [39, 40] . In the calculations, we included the above-determined Ga-derived surface state minimum and electron affinity. The upward band bending toward the sidewall facets is due to the pinning of E F at the surface state energy minimum. This shape of the band structure leads to a spatial separation of photo-generated electron-hole pairs, e.g., in solar cells, as indicated in Fig. 4(a) . This spatial separation introduces a barrier (of ∼1 eV) for electron-hole pair recombination, reducing the recombination rate. This enhances the lifetime and efficiency of solar cells. However, it is detrimental for light-emitting devices. The Ga-derived surface state hence creates an electronic selfpassivation without additional deposited layers for solar cells. If the doping is lowered, the decay of the band bending is reduced, lifting the band edges upward in the center of the NW [see Fig. 4(b) ]. Hence, the driving force for charge separation is lowered and the recombination probability is increased. Similarly, the conductivity is affected by a surface-pinninginduced band bending [3, 5] .
IV. CONCLUSIONS
In conclusion, for the nonpolar stoichiometric GaN m-plane facet, we found an electron affinity of 4.06 ± 0.07 eV, which is larger than most previous measurements performed on polar, usually nonstoichiometric surfaces. The minimum of the empty Ga-derived surface state is found 0.99 ± 0.08 eV below the conduction band minimum. This leads to an electronic self-passivation of GaN NWs due to an upward band bending, which spatially separates electrons and holes and hence increases the carrier lifetime. Thus, n-doped GaN NWs are a model system for surface-bulk charge separation, which can be expected to occur for all semiconductor NWs with surface states located in the band gap at the sidewall facets.
